The authors estimated the prevalence of heart malformation during the first year of life, using five data sets with varying degrees of completeness from two English regional health authorities. These areas covered a total population of 6,872,000. Analysis was carried out using capture-recapture methods, including log-linear modeling, on data collected between June 1993 and August 1994. A large number of cases in the community were unrecorded by any of the current sources of information. In South East Thames, where an antenatal training screening program for detecting heart malformations had been implemented in the late 1980s, the estimated prevalence rate varied from 5.5 per 1,000 births (95% confidence interval (Cl): 3.5, 10.8) to 9.0 per 1,000 births (95% Cl: 6.4, 14.2), depending on the assumptions in the model and the number of sources used in the analysis. In the Wessex region, which did not have a formal training program, prevalence was lower and varied little, from 4.3 per 1,000 (95% Cl: 3.4, 6.0) to 5.1 per 1,000 (95% Cl: 4.0, 7.2), according to assumptions. These two estimates were reasonable rates in comparison with reports in the literature. This analysis was helpful in demonstrating that the training program designed to identify severe heart malformations during the antenatal period in one of these regions had no lasting impact on prevalence. Am J Epidemiol 1999;150:778-85.
less than 1 per 1,000 births in 1994 (12) . There are large variations in the level of notification between regions and between districts in Britain (13) . Regional registers such as the one in Birmingham, which searched more intensively for malformations, reported the prevalence of congenital heart malformation to be between 3 per 1,000 and 5 per 1,000 during the period 1964-1982 (7) . Special studies conducted in Britain have reported prevalences between 5.5 per 1,000 and 7.2 per 1,000 (2, 3, 8) , but these studies reported the magnitude of the problem in the 1960s and 1970s, covered a relatively small population, and were carried out over a 10-year period.
Registers and ad hoc studies are usually incomplete to varying degrees; thus, their use will lead to underestimation of the actual prevalence, since denominators of numbers of births and stillbirths are usually accurate. In the current health services environment, in which staff are asked to complete a large number of forms, there is a large group of health staff who are reluctant to collaborate in these long term studies. Capture-recapture analysis may be a solution for estimating the magnitude of a health problem when several agencies and research groups collect data on the same condition for the same population but use different methods and sources to collect the data.
Capture-recapture analysis was developed by ecologists for assessing the size of animal populations in the wild (14) . An estimate of population size is determined from the degree of overlap between two or more samples obtained from the same population. The simplest model assumes that the samples are independent; more complex models allow for nonindependence of samples, for birth and death within the population, and for individuals observed in earlier samples having either an increased or a reduced chance of being observed again in comparison with the remainder (15) . This technique has also been used to correct for underascertainment in human populations when several incomplete registers of the same condition exist. Hook and Regal (16) compared capture-recapture methods applied to estimation of the true prevalence of Down's syndrome. This syndrome has readily identifiable external features, making diagnosis easier than that for congenital heart malformation, where the features are internal. This estimation of the number of "hidden" cases has also been applied to homelessness (17) , drug abuse (18, 19) , and cancer (20) , in cases where complete ascertainment of cases is impractical (21) .
The capture-recapture technique has been used in two types of epidemiologic studies: those for which the samples are from a set of consecutive time periods and those, such as this congenital heart malformation study, which compare the overlap between different registers relating to the same period of time. In a study designed to evaluate the effectiveness of ultrasound screening using the "four-chamber view" for diagnosing heart malformation in pregnancy, we collected data on congenital heart malformation with the help of a large number of collaborators. The study was carried out in two British regional health authorities: the South East Thames Regional Health Authority (SETRHA) (population 3,718,000) and the Wessex Regional Health Authority (hereafter called Wessex) (population 3,154,000). Both regions are located in the south of England. The reason for comparing prevalences of heart malformation in Wessex and SETRHA was that, in the late 1980s, an active training scheme for detecting severe heart malformation was implemented in several hospitals in SETRHA; such formal training did not take place in Wessex.
To reduce the amount of missing data, we accessed information from a pilot scheme for developing a Regional Congenital Malformation Register in South East Thames (22) and an audit scheme on heart malformations carried out by the Institute of Child Health. In collaboration with the UK Office for National Statistics, we matched information on heart malformations with information obtained from four registers or notification systems: notifications of terminations, congenital abnormalities, infant deaths, and stillbirths. In this paper, we assess the prevalence of congenital heart malformation in the SETRHA and Wessex regions using capture-recapture methods and compare these estimates with prevalences based on singlesource information. Although data on prenatal congenital heart malformations were collected, we have restricted this analysis to live births and stillbirths. This allows comparison with other studies and an unambiguous denominator for estimating prevalence.
MATERIALS AND METHODS

Data sources
Only children residing in the SETRHA region or the Wessex region were included in the study. The study covered the period June 1993-August 1994. For this analysis, six sources of data on congenital heart malformation were available. Source 1. Information obtained by the research team at Guy's, King's and St Thomas' School of Medicine was used as source 1. All pediatricians and pathologists in SETRHA and Wessex were asked to fill out a form for each patient with a severe malformation of the heart that was diagnosed before the age of 6 months. The Department of Fetal Cardiology at Guy's Hospital and the departments of Paediatric Cardiology at Guy's and Southampton hospitals also notified us of appropriate cases. The form used for data collection focused on 12 conditions for which the four-chamber view is considered helpful in diagnosis in the antenatal period, and included a default option for other malformations of the heart. Source 2. Data were also obtained from both regions on all cases identified by March 1995 for the period specified above, from a national audit of heart malformations found during the antenatal and postnatal periods that was carried out by the British Paediatric Cardiology Association (source 2). Parents were notified only if their child had a congenital heart malformation of sufficient severity to require surgery or catheter intervention in the first year of life or to cause death in the first year of life. Patent ductus arteriosus and atrial septal defect were excluded.
Source 3. Source 3 was based on the SETRHA Regional Congenital Malformation Register, which was instituted in 1992. Notification of all cases of major congenital abnormality was requested from obstetric, fetal medicine, genetic, pediatric, and pathology units in the region. A coordinator obtained data from clinical records using a structured form (22) .
Sources 4-6. The Office for National Statistics provided information on pregnancy terminations (source 4), congenital abnormalities (source 5), infant deaths (source 6), and stillbirths (source 7). Since infant deaths and stillbirths are mutually exclusive and capture-recapture analysis relies on overlap between groups, sources 6 and 7 were combined. Cases identified by source 4 were excluded, because we were interested in prevalence based on stillbirths and live births and not on total conceptions, since this would allow us to compare our estimates with those of other studies. Source 3 relates to SETRHA and was expected to contain very few cases from outside the region. To investigate the effect of this aspect of the data, we performed separate analyses with and without cases identified by source 3.
A data file of all cases was constructed by the Office for National Statistics. Presence or absence in each source was indicated. Children who appeared in more than one source were recognized by an identical postcode, child's date of birth, mother's date of birth, child's name, and mother's name.
In coding for congenital heart malformations, we used the British Paediatric Association Classification of Diseases (23) , which is more detailed than the International Classification of Diseases, Ninth Revision (ICD-9) (24), for sources 1-3. However, for sources 4-7, only ICD-9 diagnoses were available. Infants who had at least one diagnosis falling between ICD-9 codes 745.0 and 747.49 were included as cases. No attempt was made to match diagnoses of congenital heart malformation in children appearing in more than one source, because the level of sophistication in diagnostic detail varied between sources.
In the distribution of diagnoses, when more than one source was involved, we used a selection rule to base the diagnosis on one source. Thus, we chose the following order: source 2, source 1, source 3, and sources 4-7. The order was decided upon by our perception of sophistication in diagnosis according to source. Cases were deemed to be terminations on the basis of presence in source 4, absence from source 5 or 6, gestation of <24 weeks, or an outcome management of "termination of pregnancy." A few cases with incomplete data were omitted, because on balance the information gave some indication that the pregnancy had been terminated. In some cases, it was not clear whether a termination had taken place. Therefore, two sets of criteria were used: a strict definition of termination which treated doubtful cases as live births or stillbirths and a broad definition which assigned doubtful cases to the termination group. The broad definition of termination leads to a smaller number of cases' being available for the capturerecapture analysis.
Statistical procedures
Capture-recapture models were applied to the SETRHA and Wessex regions separately, starting with the assumption of independent sources. Interaction terms were introduced into the models as appropriate, and goodness of fit was assessed using the deviance, which is based on the y} statistic; the model was rejected if the p value was less than 5 percent.
To create models that were as simple as possible, in general we added interaction terms to the model only if the decrease in the deviance was statistically significant at a significance level of 5 percent. However, following the recommendation of Hay (25) , there was a subjective element in the model selection. When assessing the value of adding in a further interaction term, we chose the less complex model if the more complex model gave a confidence interval that contained implausible values from a clinical point of view (such as, for example, 20 cases per 1,000), even if the decrease in deviance was statistically significant. The more complex model was chosen if it allowed the p value for the fit to rise above the 5 percent threshold, even if the decrease in the deviance was not statistically significant.
Confidence intervals were calculated for the estimates of numbers of cases observed using the goodness-of-fit method of Regal and Hook (26) . This method was chosen because many of the subgroups were very small. Analysis was performed using the GLIM statistical package (27) , applying the program described by Cormack (15) .
The total numbers of live births and stillbirths in Wessex and SETRHA during the study period were estimated from the figures for 1993 (28) and 1994 (29) . Rates of congenital heart malformation diagnosed in the first year of life per 1,000 live births and stillbirths were then calculated.
RESULTS
In all, 770 separate records were brought together from the seven sources. After matching, there remained 522 individuals on whom we had information from one or more sources. The distribution of cases by source and region is shown in table 1. Source 2 provided the most cases for both regions, followed by the research team (source 1). The small number of cases with region unknown (within SETRHA and Wessex) were all detected by the research team. There were two cases from Wessex which had been seen at Guy's Hospital (in SETRHA) and were consequently registered in source 3. Following the removal of terminations and cases with no appropriate ICD-9 code, there were 323 remaining cases using the strict definition of termination and 287 cases using the broad definition. The overlap between sources for the two regions combined is shown in table 2. Table 3 provides the distribution of congenital heart malformation diag- noses made using the ICD-9 by the number of sources that detected the case. Ventricular septal defect, transposition of the great vessels, atrioventricular septal defect, pulmonary atresia-stenosis, tetralogy of Fallot, hypoplastic left heart syndrome, and coarctation of the aorta were the most frequent diagnoses. Coarctation of the aorta and hypoplastic left heart syndrome were more frequent among cases reported by more than one source, while ill-defined diagnoses (unspecified anomalies of the heart) were more common in the group detected by one source.
The final capture-recapture models selected included the above sources along with several twoway interaction terms. For the SETRHA region, the prevalence rates based on 58,270 births varied from 5.5 per 1,000 to 9.0 per 1,000 according to the number of sources and whether the broad or strict definition of termination was applied. The number of known cases varied from 110 observations to 179 observations, and the estimates of total number of cases ranged from 322 to 527 (table 4) . The interactions in each capture-recapture model are indicated in table 5.
In Wessex, the variation of cases was very small in relation to the number of sources or the definition of termination used. Thus, the rate based on 45,074 births varied from 4.3 per 1,000 to 5.1 per 1,000. The combined rate varied from 4.8 per 1,000 to 6.0 per 1,000. In all groups, the rate of congenital heart malformation estimated without using the capture- recapture method was approximately one third to one half that obtained from the total estimated by capturerecapture.
In the analysis, estimates of unobserved cases were obtained for each situation defined in table 4. The chosen model in all circumstances gave a nonsignifi- cant deviance (p > 0.05). However, in the combinedregions analyses using the strict and broad definitions of termination, the estimates of unobserved cases approached a significant deviance (p = 0.062 and p -0.069, respectively). In the case of the broad definition of termination, a model involving three interaction terms was selected, even though the decrease in deviance was small, since less complex models did not provide an adequate fit.
In all of the above analyses, the assumption of independent sources generally provided a very poor fit for the data. For the SETRHA data, however, the fit was reasonable when the broad definition of termination was used. There was a consistency in the interaction terms selected in the various capture-recapture models (table 5) . The same terms were used in the five-sources and four-sources analyses, apart from those involving the fifth source (the SETRHA regional register). No new interaction terms were involved at the "foursources" stage of the analysis. For the combinedregions analyses, the interaction terms used were broadly a combination of those appearing in the separate analyses for SETRHA and Wessex.
DISCUSSION
The estimated number of cases in this study was generally large; in all analyses, it greatly exceeded the total number of known cases. In addition, the ability of single sources to bring known cases to light was less than adequate; the most comprehensive source, the project of the British Paediatric Cardiology Association (source 2), contained records of only 70 percent of the known Wessex cases and only 40 percent of the SETRHA cases. However, after the data processing and analysis was carried out, we obtained an updated list of British Paediatric Cardiology Association cases; this would have increased the number of known cases as indicated in the percentages above, but would still have fallen short of the number of estimated cases based on capture-recapture methods.
Our analysis relied on data coming from different sources whose organizers had different objectives for data collection, as described in "Materials and Methods." Thus, the level of detail varied according to source. The British Paediatric Cardiology Association data, which was based on notification only from specialists (source 2), may have been the most sophisticated in terms of diagnostic detail, and the Office for National Statistics data, based on notification during the first 10 days of life (sources 4-6), may have been the crudest. According to Kidd et al. (1) , approximately one third of cases of congenital heart malformation will be diagnosed by the first week of life and 90 percent will be diagnosed by the age of 6 months. Certainly, by the age of 1 year, approximately 95 percent of cases will have been diagnosed (4) . The age group covered in our study should therefore have included most children with an important heart lesion, although this also depends on the level of ascertainment.
The distribution of the most frequent congenital heart malformation diagnoses in our study was similar to the distribution reported in the New England Regional Infant Cardiac Program (5) and for most diagnoses in the Brompton series (30) . Hypoplastic left heart syndrome was less frequent in the Brompton series than in ours. Ventricular septal defect is the most common malformation in all series (2-5, 8, 9) . However, there is more variation in the ranking of other conditions. For the purpose of the capture-recapture analysis, the distribution of cases reassured us that the frequency of diagnostic categories was not substantially different from the distribution in other series.
In using the capture-recapture method to estimate rates of congenital heart malformation, statistical expertise must be combined with the experience of staff working in the relevant field; a confidence interval may include estimates for the total number of cases that are not "sensible," and other models then need to be explored (25) . All statistical models simplify the realworld situation and as such need to be reviewed in the light of clinical experience. For instance, using the strict definition of termination in analysis of the SETRHA data with three interaction terms, the estimated rate of congenital heart malformation was 14.5 cases per 1,000 (95 percent CI: 5.7, 79.7), based on 58,270 births. As interaction terms are added, so the model becomes a better fit, but at the expense of wider 95 percent confidence intervals (31) . A significant interaction was discarded in order to obtain a confidence interval that was narrower and clinically reasonable.
The prevalence rates estimated using the capturerecapture method are within the range of prevalence found in other studies. In the United States and Canada, prevalences based on one data source have varied from 2.6 per 1,000 births (5) to 6.6 per 1,000 births (4, 6) . Estimates from British studies based on one source of data have varied from 5.5 per 1,000 (3) to 7.2 per 1,000 (8) . With the exception of the register in Birmingham, our study included a larger geographic area than the other studies conducted in Britain, and it is always more difficult to obtain good quality data from large populations than from smaller populations when most patients receive care from one hospital. The capture-recapture method provided an appropriate appraisal of the prevalence of the condition in Wessex, since the prevalence estimates were similar regardless of whether four or five sources were used. We are less sure about the true size of the difference with SETRHA, where the Regional Congenital Malformation Register influenced the estimates considerably. The reader should not proportionally increase the number of children by the diagnoses provided in table 3 to match prevalence, because the level of ascertainment would almost certainly depend on the severity of the condition and the diagnosis.
Rates were much higher in SETRHA than in Wessex regardless of the number of sources, although comparison of the four-source and five-source analyses revealed that much of this difference was due to the existence of the Regional Congenital Malformation Register in SETRHA. Even allowing for this register, however, rates were still approximately one third higher in SETRHA. This finding is surprising, for two reasons.
Firstly, one report has suggested that there is geographic constancy in the prevalence of heart malformations (32). However, some series indicate an increase in prevalence over the period of study (5, 10) that may have been due to increases in ascertainment of cases or technical improvement in diagnosis over the study period. Secondly, in view of the training scheme for detecting severe heart malformations which was implemented at several hospitals in SETRHA but not in Wessex, one might have expected that the prevalence of congenital heart malformation among stillbirths and live births would be higher in Wessex than in SETRHA. Possible explanations for the opposite finding are that the level of notification was systematically lower in Wessex than in SETRHA; that the population's ethnic mix or another characteristic of the SETRHA region was associated with a higher prevalence than that in Wessex; that despite the lack of formal training, ultrasound assessment of congenital heart malformation took place systematically; and that the difference between regions was due to random variation of rates over time.
The magnitude of the difference between Wessex and SETRHA makes it unlikely that it was due to random variation. Differences in prevalence by ethnicity have been reported in the United States, with Whites having a higher prevalence than Blacks and Mexican Americans that was not explained by socioeconomic variables (5), but this was not confirmed in another study (10) . In Britain, Sadiq et al. (33) found that Asians in the West Midlands who were mainly from the Indian subcontinent had twice the rate of heart malformations as non-Asians in the region. However, this would not explain the differences between regions, as the Asian population in SETRHA and Wessex is low. Although during our study we became aware of staff in Wessex assessing for congenital heart malformation in the antenatal period, this was far from systematic. Thus, there is no clear reason for the higher prevalence of congenital heart malformation in SETRHA than in Wessex.
As expected, estimated rates were higher when the strict definition of pregnancy termination was employed. It should be noted that the uncertain terminations appeared only in the British Paediatric Cardiology Association records. Reassuringly, the selected capture-recapture models did not depend on the definition of termination.
In general, estimated rates were higher for the fivesource analyses. This is a reasonable finding, as the addition of a fifth source increases the number of known cases from which the total number of cases is estimated. The tendency for estimates to increase with the number of sources has been noted previously (18, 25) .
We conclude that capture-recapture analysis is a feasible option for estimating the prevalence of heart mal-formations or other internal malformations in a large geographic area when several sources of information are available but all have incomplete ascertainment. It is not advisable to infer the prevalences of the specific diagnoses listed in table 3 on the basis of the capturerecapture estimates for total congenital heart malformation. This is because the likelihood of recapture varies by diagnostic category. In this study, the capture-recapture technique was particularly helpful in demonstrating that the rate of heart malformations has not been reduced in SETRHA compared with a control region where systematic training in use of the "four-chamber view" in the antenatal period has not been available.
